A fundamental as yet incompletely understood feature of Notch signal transduction is a transcriptional shift from repression to activation that depends on chromatin regulation mediated by transcription factor RBP-J and associated cofactors. Incorporation of histone variants alter the functional properties of chromatin and are implicated in the regulation of gene expression. Here, we show that depletion of histone variant H2A.Z leads to upregulation of canonical Notch target genes and that the H2A.Z-chaperone TRRAP/p400/Tip60 complex physically associates with RBP-J at Notch-dependent enhancers. When targeted to RBP-J-bound enhancers, the acetyltransferase Tip60 acetylates H2A.Z and upregulates Notch target gene expression. Importantly, the Drosophila homologs of Tip60, p400 and H2A.Z modulate Notch signaling response and growth in vivo. Together, our data reveal that loading and acetylation of H2A.Z are required to assure tight control of canonical Notch activation.
INTRODUCTION
The Notch signal transduction cascade is highly conserved and is essential for embryonic as well as post-natal development (1) (2) (3) . Activating mutations in the human NOTCH1 gene are implicated in leukemogenesis (4, 5) and loss-offunction of the central transcription factor RBP-J (also known as CSL) promotes tumorigenesis (6) . Similarly, deregulation of Notch signaling by the oncogenic protein AML1/ETO promotes acute myeloid leukemia (AML) development (7) . Upon ligand binding, the Notch receptor is proteolytically processed and its intracellular domain (NICD) migrates into the nucleus, interacts with RBP-J and activates expression of target genes. The signal is terminated by ubiquitin-dependent proteasomal degradation of the Notch coactivator complex (2, 8) and gene repression is reestablished by RBP-J that recruits a corepressor complex, waiting for the next wave of Notch activation. At the chromatin level, the activation/repression switch is regulated by dynamic histone acetylation and methylation (9) (10) (11) . Accordingly, there is an interplay of Notch-associated acetyltransferases (12, 13) and HDAC-containing complexes (14) that regulate histone acetylation whereas H3K4 methylation levels are determined by methyltransferase KMT2D (10) and demethylases KDM5A (15) and KDM1A/LSD1 (16) (17) (18) . Notably, H3K4 methyl modifiers also regulate Notch target genes in vivo as revealed in Drosophila melanogaster (10, 15) .
The highly conserved histone variant H2A.Z is a regulator of gene expression which is found at promoters in both the non-induced and induced state (19) and its chromatin occupancy negatively correlates with active gene expression (20, 21) . In mammals, H2A.Z occupancy negatively correlates with the expression of Heparanase, c-Myc, p21 WAF1/CIP1 , CCND1 and glucocorticoid receptor (GR)-responsive genes (22) (23) (24) (25) (26) while it plays a positive role in the expression of estrogen-dependent genes (27) . This discrepancy is possibly due to post-translational regulation of H2A.Z: H2A.Z acetylation and ubiquitination have been positively (28) (29) (30) (31) and negatively (32, 33) linked to gene expression, respectively. First revealed in Saccharomyces cerevisiae, acetylation of H2A.Z is required for gene induction (34) and its acetylation levels correlate genome-wide with gene activity (35) . Studies in chicken cells showed that hyperacetylation of H2A.Z results in nucleosome destabilization and an open chromatin conformation (36) (37) (38) . The vertebrate H2A.Z is mainly acetylated on the lysine residues K4, K7 and K11 (38) (39) (40) and genome-wide studies in human cancer cell lines have suggested that H2A.Z acetylation plays a key role in disease-associated gene deregulation (28) .
In mammals, the Ep400/p400 (hereafter referred to as p400) subunit of the TRRAP/p400/Tip60 complex loads H2A.Z within chromatin (23) and transcription factors like p53 or the oncogene cMyc recruit p400 to chromatin (23, 41, 42) . Genetic evidence in Drosophila suggests a role for the p400 homolog, called Domino, as a positive regulator of the Notch signaling pathway (43, 44) ; the same holds true for Nipped-A, the Drosophila homolog of the TRRAP subunit (45) . The acetyltransferase Kat5/Tip60 (hereafter referred to as Tip60) stimulates H2A.Z exchange in human cells (46) .
Here, we show that loss-of-function of H2A.Z leads to the upregulation of canonical Notch target genes. Subsequently, we delineate the role of histone variant H2A.Z occupancy and its acetylation in the context of the Notch signaling response. Using Drosophila as a well-established in vivo model system, we show that the homologs of Tip60, the H2A.Z loader p400 and H2A.Z itself play a key role in Notch-dependent growth control.
MATERIALS AND METHODS

Cell culture, transfection and infection
Murine pre-T lymphoma cell line (Beko) and murine hybridoma mature T cell line (MT) were grown in Iscove's Modified Dulbecco Medium (IMDM, Gibco 21980-065) supplemented with 2% FCS, 0.3 mg/l peptone, 5 mg/l insulin, nonessential aminoacids and penicillin/streptomycin. The MT cells were previously described (18, 47) . MT NICD-ER cells were induced with (Z)-4-hydroxytamoxifen (4-OHT) at 1 M final concentration (Sigma-Aldrich H7904-5MG) or ethanol as control. HeLa, 293T and Phoenix TM packaging cells (Orbigen, Inc., San Diego, CA, USA) were cultivated in Dulbecco's modified eagle medium (DMEM, Gibco 61965-059) supplemented with 10% FCS and penicillin/streptomycin. Cells were grown at 37
• C with 5% CO 2 .
Phoenix™ cells were transfected using calcium phosphate as follows: 5 × 10 6 cells were plated in 72 cm 2 flasks and incubated for 16-24 h at 37
• C. The day after, 20 g of plasmid DNA were added to 860 l of sterile H 2 O and 120 l of 2 M CaCl 2 were pipetted into the DNA solution and briefly vortexed. To obtain small precipitates, the DNA solution was added dropwise to 1 ml of 2× HBS (50 mM HEPES pH 7.05, 10 mM KCl, 12 mM glucose, 280 mM NaCl, 1.5 mM Na 2 HPO 4 ) while vortexing and the resulting solution was incubated 20 min at room temperature. In the meantime, Phoenix™ cells were incubated with chloroquine (SigmaAldrich C6628-100G) for 10 min at room temperature. The DNA solution was added to the cells and after at least 6 h of incubation at 37
• C the medium was changed. For coimmunoprecipitation (CoIP) experiments in Phoenix ™ cells, 10 g of each plasmid DNA were used for transfection as described above.
Retroviral infections of Beko and MT cells were performed as follows: 24 h after transfection of the Phoenix™ cells, the supernatant was filtered and supplemented with polybrene (Sigma-Aldrich H9268) at a final concentration of 2 g/ml. The retroviral suspension was added to the target cells and the cell/retroviral suspension was centrifuged 45 min at 1800 rpm at 37
• C. After centrifugation, the medium was replaced with fresh one. The infection was repeated four times over two days. Cells were grown in culture, analysed by FACS and sorted or selected by using the appropriate selective antibiotic: puromycin (Serva 33835) and/or histidinol (Sigma-Aldrich H6647).
Generation of CRISPR/Cas9 depleted MT cells
CRISPR/Cas9
H2afz/H2afv double depleted MT cells were generated as follows: 3 × 10 6 293T cells were seeded and, after 24 h, transfected with 2.5 g psPAX, 1 g pMD2G and 3.33 g of the desired lentiCRISPR v2 vector using Lipofectamine 2000 Transfection Reagent (Invitrogen 11668-019) accordingly to manufacturer's instructions. After at least 6 h of incubation at 37
• C the medium was replaced with fresh one and 48 h post-transfection the supernatant was filtered, supplemented with polybrene and used for infection of MT cells. Positively infected cells were selected with puromycin and dilutions were performed to establish single cell clones. Individual clones were screened by Western blotting for H2A.Z and the clones, depleted for H2A.Z, were analysed by RT-qPCR to validate the double depletion of H2afz and H2afv at the transcript level. One clone (sgH2afv/H2afz #12) was further analysed by sequencing of the genomic DNA (gDNA). To reach this goal, the gDNA was purified as described below and nested PCR strategies were used as follows: in the case of H2afz, a first PCR was performed using H2afz gDNA1 fw and H2afz gDNA1 rev primers and this product was used as template for a second PCR using H2afz gDNA2 fw and H2afz gDNA2 rev primers; in the case of H2afv, a first PCR was performed using H2afv gDNA1 fw and H2afv gDNA1 rev primers and this product was used as template for a second PCR using H2afv gDNA2 fw and H2afv gDNA2 rev primers. PCR products were cloned in the pSC-A-amp/kan (Agilent Technologies 240205-5) and more colonies were sequenced after purification of the plasmid DNA using standard procedures. Primers are listed in Supplementary Table  S5 .
Genomic DNA (gDNA) purification
Cells were washed twice in PBS, resuspended in gDNA extraction buffer [10 mM Tris-HCl pH 7.5, 10 mM EDTA pH 8.0, 10 mM NaCl, 0.5% N-Lauroylsarcosine sodium salt, 1 mg/ml proteinase K (Roche 03115852001)] and incubated over night at 37
• C. gDNA was precipitated with 100% EtOH in presence of 50 mM NaCl, washed with 70% EtOH, dried and resuspended in TE pH 8.0.
Apoptosis assay
Cells were labeled for 20 min with 5 l Pacific Blue labeled Annexin V antibody (1:40, BD Biosciences) in 200 l Annexin V binding buffer (BD Biosciences). The proportion of apoptotic cells was determined at a LSRII flow cytometer (BD Biosciences).
GIEMSA staining
Cells were cytospun in cytofunnels (Thermo Scientific) for 10 min at 1000 rpm in a cytospin4™ cytocentrifuge (Thermo Scientific). Cytospins were then labeled with Giemsa (Merck, 1.09204.0500) following standard procedures.
Cell cycle analysis
Cells were washed twice with PBS and fixed in 70% ethanol on dry ice. After 1 h cells were spun shortly and the pellet was stained for 10 min at 37
• C with 50 g/ml propidium iodide (Merck) in 4 mM sodium citrate containing 0.1 mg/ml RNase in a total volume of 200 l. Analysis was performed on a FACSCalibur cytometer (BD Biosciences). Cell cycle stages (G1/S/G2M) were determined according to the DNA content. Cells possessing 2n DNA were assigned to be in G1-phase, those having a DNA content between 2n and 4n were defined as S-phase cells and those having approximately 4n DNA content were assumed to be in G2M.
Cell growth analysis
Cells were resuspended in 20 ml IMDM (see above) at a density of 10 000 cells per ml and counted every day for 7 days following standard procedures.
Constructs
All oligonucleotides used in this study are listed in Supplementary Table S5 . PCR products were cloned in the pSC-A-amp/kan (Agilent Technologies 240205-5), digested with the selected restriction enzymes (New England Biolabs) and cloned into the destination vectors accordingly to Supplementary Table S6 . All plasmids were analysed by sequencing.
The pcDNA 3.1 Flag2 (Invitrogen) and pGEX6P1 (GE Healthcare) were commercially acquired. The lentiCRISPR v2 was a gift from Dr F. Zhang [(48) , Addgene plasmid # 52961]. The pcDNA3 mNICD, pcDNA3 mNICD EP and pcDNA3 mNICD+OP were previously described (13) . The pGEX4T3-mRBP-J-wt, pcDNA3.1 Flag2 mRBP-J-wt, pGEX6P1-dmSu(H) and pMIGRI FlagNotch-ER IRES GFP plasmids were previously described (15) . The pMY-BioDdx5-IRES-GFP and pMY-BioNICD-IRES-GFP plasmids were previously described (49) . The pGEX6P1 mNICD-NT and pGEX6P1 mNICD-CT were previously described (50) . The pcDNA3-RBP2N was previously described (51) . The GST-NICD and GST-RITA expression plasmids were previously described (13, 52) . The expression vector pcDNA3 Flag-Tip60␤ wildtype (wt) and pcDNA3 Flag-Tip60␤ catalytic-dead mutant (cd) were a generous gift of Dr J. Côté (53) . The C␤S Flag-p400 was kindly provided by Dr R G. Roeder (54) . The pCMV-3Flag-H2A.Z-wt and pCMV-3Flag-H2A.Z-K4R were generously provided by Dr O. Binda.
The pMYs-Bio-NCMXH-pSV40-Puro was generated via insertion of the oligo NCMXH (sequence in Supplementary Table S5 ) into the pMYs-Bio-NCMH-pSV40-Puro predigested with NotI and HindIII which was generated via insertion of the oligo NCMH (sequence in Supplementary Table S5 ) into the pMYs-Bio-pSV40-Puro predigested with NotI and HindIII. The pcDNA 3.1 Flag-p400-1 was generated by digestion of the C␤S Flag-p400 with NotI and ligation of the product into the pcDNA 3.1 Flag2 predigested with NotI.
The pMIGR1 Flag-RBP-J/Tip60-wt or RBP-J/Tip60-cd mutant pSV40-Puro plasmids were generated as follows: first, the RBP-J cDNA was inserted using a PCR cloning strategy to generate the pMIGR1 Flag-RBP-Jwt-pSV40-Puro no STOP which was subsequently used to insert the Tip60-wt or Tip60-cd mutant cDNAs using PCR cloning. The pcDNA3.1 Flag-RBP-J/Tip60-wt and pcDNA3.1 Flag-RBP-J/Tip60-cd mutant plasmids were generated by EcoRI digestion of pMIGR1 Flag-RBP-J/Tip60-wt or RBP-J/Tip60-cd mutant pSV40-Puro plasmids and ligation into the pcDNA3.1 Flag2 plasmid predigested with EcoRI. The Drosophila Domino (AA1557-2352, according to NP 001286676) expression plasmid was generated by PCR aided cloning. The amplified DNA sequence was ligated into the EcoRI and XbaI sites of pcDNA3-Flag1 resulting in pcDNA3-F1-dmDomino (1557-2352).
The pMIGR1-3Flag-H2A.Z-wt and -K4R mutant (lysine in position 4 mutated to arginine) pSV40-Puro plasmids were cloned as follows: the H2A.Z-wt and -K4R mutant were PCR cloned into the pMI-IRES-Berry (generously provided by Drs. E. Surova and H. Jumaa). The pMI-3Flag-H2A.Z-wt and -K4R mutant IRES-Berry plasmids were digested with XhoI and EcoRI and the digestion products were cloned into the pMIGR1-pSV40-Puro predigested with XhoI and EcoRI. The pMIGR1 3Flag-H2A.Z5KR mutant pSV40-Puro was generated by site directed mutagenesis using the QuikChange II XL SiteDirected Mutagenesis Kit (Agilent Technologies 200521-5) accordingly to manufacturer's instructions with primers listed in Supplementary Table S5 and using the pMIGR1-3Flag-H2A.Z-K4R mutant pSV40-Puro as template.
The CRISPR/Cas9 guides were designed using the online tool available at http://crispr.mit.edu/. The desired 5 overhangs were added and oligos were phosphorylated, annealed and ligated into the lentiCRISPRv2 predigested with BsmBI.
ShRNA knockdown
For the knockdown (KD) in Beko cells, suitable hairpins were designed with the siRNA Wizard (InvivoGen, http://www.sirnawizard.com/design.php) and cloned into the pSIR Delta U6C Puro vector (kindly provided by Drs D. van Essen and S. Saccani) with HindIII/XhoI. To test knockdown efficiency, the sequence targeted by the siRNA was cloned into the target gene reporter vector pMy-Delta-GFP (kindly provided by Drs D. van Essen and S. Saccani) with EcoRI/NotI. Cells were first infected with the reporter vector and after sorting the GFP positive cells, cells were infected with shRNA-expressing vectors and selected with puromycin. Finally, cells were sorted depending on the GFP shift and the knockdown efficiency was analysed by quantitative real-time PCR (qPCR) and Western blotting. Sequence of the hairpin and primers used for generating the reporter are indicated in Supplementary Table S5 .
For the knockdown in MT cells, the pLKO.1 TRC1 shRNA library (SIGMA-ALDRICH) was used. Transfection of 293T cells and infection and selection of MT cells was performed as previously described (10) . Sequence of the hairpin is indicated in Supplementary Table S5 .
RNA extraction, RT-PCR and qPCR from cell lines
Total RNA was purified using Trizol reagent (Ambion 15596018) accordingly to manufacturer's instructions. 1 g of RNA was reverse-transcribed into cDNA using random hexamers and M-MuLV reverse transcriptase (New England Biolabs). qPCRs were assembled with Absolute QPCR ROX Mix (Thermo Scientific AB-1139), genespecific oligonucleotides, double-dye probes (see Supplementary Table S5 ) and analysed using the StepOnePlus ™ Real-Time PCR System (Applied Biosystem). Data were normalized to the housekeeping gene glucuronidase β (GusB).
For RNA-Seq purposes, RNA was purified using the RNeasy Mini Kit (Qiagen #74104) in combination with the QIAshredder (Qiagen #79654) and treatment with DNase I (Qiagen #79254) accordingly to manufacturer´s instructions.
Library preparation and sequencing
Libraries were prepared using the TruSeq ® Stranded Total RNA LT-Ribo-Zero Gold kit (Illumina RS-122-2301/2) and sequenced on an Illumina HiSeq 1500 with 50 bases single reads.
RNA-seq analysis
Quality control of RNA-seq reads was performed using the FastQC application available at http://www.bioinformatics. babraham.ac.uk/projects/fastqc/. Filtering and trimming of reads was performed with trimmomatic (55) . Reads were aligned using STAR (56) to an index based on mm9 version genome of the mouse genome. FeatureCounts from the Subread package was used for extraction of genespecific read counts based on mm9 UCSC gene annotations (57) . Both genome and gene annotations were downloaded from Illumina's iGenome site (http://support.illumina. com/sequencing/sequencing software/igenome.html). The results of the FeatureCounts gene expression analysis were imported into R and detection of differentially expressed genes was done using DESeq2 (58) . Subsequent data analysis and visualization was done with custom R scripts. Two replicates were analyzed in the case of overexpression of BioNICD and induction of NICD-ER fusion proteins whereas six replicates were analyzed in the case of the CRISPR-mediated depletion of H2A.Z.
For re-analysis of publicly available data on dominant negative Tip60 in Drosophila larval wing discs, the data corresponding to 48 h expression were downloaded from GEO (GSE81159). SRA archives were extracted to fastq format using the fastq-dump program. We used hisat2 (59) in order to align the reads to an index for the dm3 genome (iGenome repository) built by the hisat2-build function. We used UCSC gene models in order to extract splice-sites for the alignment process. Aligned reads were converted to BAM format, sorted and removed for duplicates using samtools. Identification of differentially expressed genes was done after import of BAM-alignment files into R using BioConductor packages (60) . Therefore, we used the summarizeOverlaps function of the GenomicAlignments package (61) in order to extract gene-specific read counts. Normalization between experiments and detection of differentially expressed genes was done with the DESeq2 package with default settings (58) . In order to identify enriched gene sets based on GO terms, we performed GO enrichment analysis using the enrichGO function and GSEA using the gseGO function of the clusterProfiler package (62) . We used the test statistic (stat) of the DESeq2 analysis for ordering the ranked list for GSEA.
Fisher's exact test as implemented in the geneOverlap package (https://www.bioconductor.org/packages/release/ bioc/html/GeneOverlap.html) was performed in order to determine whether the observed overlap between two gene lists was significant. Summary statistics on the RNA-Seq data are available in Supplementary Table S2 .
Chromatin immunoprecipitation (ChIP)
ChIP experiments were performed following the Upstate Biotechnology protocol with few modifications. Cells were cross-linked in 1% formaldehyde (FMA) for 10 min at room temperature and the reaction was blocked with 1/8 volume of 1 M glycine pH 8.0. Only in the case of the RBP-J ChIP, cells were pre-fixed with 10 mM dimethyl adipimidate (DMA, Thermo Scientific 20660) in PBS for 1 h at room temperature and cross-linked in 1% FMA for 30 min. Cells were washed twice with PBS and resuspended in SDS Lysis buffer (1% SDS, 10 mM EDTA, 50 mM TrisHCl pH 8.1). The cell suspension was sonicated using the Covaris System S220AFA and, after dilution with ChIP Dilution buffer (0.01% SDS, 1.1% Triton X-100, • C with shaking. Depending on the antibody, different washing conditions were used. Chromatin was eluted from beads with Elution buffer (1% SDS, 0.1 M NaHCO 3 ) and cross-links were reverted at 65
• C over night in presence of NaCl. After incubation with Proteinase K for 1 h at 45
• C, the DNA was purified by phenol/chloroform extraction and precipitated over night at -20
• C in presence of yeast tRNA, glycogen and 2-propanol. After washing with 70% EtOH and drying, the DNA was dissolved in TE pH 8.0 and analysed by qPCR. The BioNICD and BioTip60 ChIP experiments were performed as previously described (50) . qPCR analysis were focused at the enhancers of Notch target genes identified by analyzing previously published ChIP-Seq data (63) .
qPCRs were assembled with Absolute QPCR ROX Mix (Thermo Scientific AB-1139), gene-specific oligonucleotides, double-dye probes (see Supplementary Table S5) and analysed using the StepOnePlus™ Real-Time PCR System (Applied Biosystem). Where indicated in the figure legend, data where normalized to the positive control (GAPDH 0kb) and eventually to histone H3 or H2A.Z. A region of the chromosome X (chrX: 112357567 ±112357626, indicated as Chrom X) was used as negative control.
ChIP-Seq analysis
Notch-1 and RBP-J ChIP-Seq data [(63), accession # GSE29600] were analysed using MACS14 via the Galaxy Platform. Reads were mapped to the mm9 genome and default settings were used.
GST protein purification and GST pulldown
GST fusion proteins were expressed in Escherichia coli strain BL21 (Stratagene), purified using standard procedures and stored at -80
• C. Proteins were in vitro translated in presence of [ 35 S] methionine (Perkin-Elmer NEG709A500UC) using the reticulocyte lysate-coupled transcription/translation system (Promega L4610) accordingly to manufacturer's instructions. Translation and labeling quality were monitored by SDS-PAGE. GST protein and GST fusion proteins were immobilized on Glutathione Sepharose 4 Fast Flow (GE Healthcare 17-5132-01) and incubated together with the in vitro translated proteins in buffer A (40 mM HEPES at pH 7.5, 5 mM MgCl 2 , 0.2 mM EDTA, 0.5% NP-40, 100 mM KCl) under rotation for 2 h at 4
• C. Beads were washed with buffer A, buffer B (40 mM HEPES pH 7.5, 5 mM MgCl 2 , 0.2 mM EDTA, 0.5% NP-40, 300 mM KCl) and PBS. After washing, beads were resuspended in SDS-PAGE loading buffer and proteins were resolved by SDS-PAGE. Gels were dried and exposed to Xray films.
Protein extract, CoIP, cell fractionation and Western blotting
Whole Cell Extract (WCE) was prepared as follows: cells were washed twice in PBS, lysed in WCE buffer (20 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% NP-40, 10% glycerol, 0.5 mM Na 3 VO 4 , 10 mM NaF, 1 mM PMSF, 1× protease inhibitor cocktail mix) and incubated 20 min on ice. After centrifuging 15 min at 13 200 rpm at 4
• C, the supernatant was recovered and protein concentration measured by Bradford assay (Sigma-Aldrich).
For nuclear extract, cells were washed twice with PBS, resuspended in Hypotonic buffer (20 mM HEPES, 20 mM NaCl, 10% glycerol, 5 mM MgCl 2 , 0.2 mM PMSF) and incubated 20 min on ice. After vortexing, lysates were centrifuged at 4000 rpm 10 min at 4
• C. The supernatant (cytoplasm) was collected and the pellet (nuclei) was washed with PBS. Nuclei were resuspended in Hypertonic buffer (20 mM HEPES pH 7.9, 100 mM NaCl, 0.3% NP-40, 25% glycerol, 1 mM MgCl 2 , 0.2 mM PMSF, 1× protease inhibitor cocktail mix, 0.3 mM DTT) and Hypertonic buffer 2.2 M NaCl (20 mM HEPES pH 7.9, 2.2 M NaCl, 0.3% NP-40, 25% glycerol, 1 mM MgCl 2 , 0.2 mM PMSF, 1× protease inhibitor cocktail mix, 0.3 mM DTT) was added dropwise to a final concentration of 0.3 M NaCl. Samples were incubated 20 min on ice in cold room and centrifuged at 40 000 rpm 1 h at 4
• C. The supernatant was collected and protein concentration was measured by Bradford assay. In some cases, nuclei were lysed in Hypertonic buffer 300 mM NaCl (20 mM HEPES pH 7.9, 300 mM NaCl, 0.3% NP-40, 25% glycerol, 1 mM MgCl 2 , 0.2 mM PMSF, 1× protease inhibitor cocktail mix, 0.3 mM DTT).
For CoIP experiments, WCE was pre-cleared with 10 l protein-A-Sepharose beads (GE Helthcare 17-5280-02) for 1 h at 4
• C with rotation. After centrifugation at 3000 rpm for 3 min at 4
• C, input was collected and the remaining protein solution was incubated with 10 l Flag M2 affinity gel (Sigma-Aldrich A2220) for 2 h at 4
• C with rotation. Beads were washed three times with WCE buffer and the CoIPs were analysed by Western blotting.
For streptavidin pulldown purposes, 2 mg of nuclear extract and 50 l of Dynabeads M-280 Streptavidin (Invitrogen, 112.06D) were used for each IP. Dynabeads were washed with 1 ml of ice cold PBS and blocked with 1 ml of 1× TBS and 200 g of Chicken Egg Albumin (SigmaAldrich A5503-1G) for 1 h at 4
• C with rotation. In the meantime, the nuclear extract was diluted to have a final concentration of 120 mM NaCl and 10% glycerol, first with buffer without NaCl (20 mM HEPES pH 7.9, 0.2% NP-40, 25% glycerol, 1 mM MgCl 2, 0.2 mM PMSF, 1× protease inhibitor cocktail mix, 0.3 mM DTT) and subsequently with buffer without glycerol (20 mM HEPES pH 7.9, 120 mM NaCl, 0.2% NP-40, 1 mM MgCl 2, 0.2 mM PMSF, 1× protease inhibitor cocktail mix, 0.3 mM DTT). Input was collected and, after washing the Dynabeads with PBS, pulldown reactions were incubated at 4
• C for 3 h with rotation. Pulldowns were washed five times with Washing buffer (20 mM HEPES pH 7.9, 200 mM NaCl, 0.2% NP-40, 1 mM EDTA, 10% glycerol), twice with PBS and finally analysed by Western or streptavidin blotting. For mass-spectrometry purposes, streptavidin pulldown was performed as previously described (49) .
For cell fractionation purposes, cells were washed twice in PBS and resuspended in buffer 1 (20 mM HEPES pH 7.4, 20 mM NaCl, 5 mM MgCl 2 ). After incubation on ice for 10 min, cells were lysed with a Dounce pestle and further incubated on ice for 10 min. After centrifugation at 500 g for 5 min at 4
• C, the supernatant, containing the cytosolic fraction, was collected and the nuclear pellet was washed once in buffer 1 and finally lysed in buffer 2 (20 mM HEPES pH 7.4, 20 mM NaCl, 5 mM MgCl 2 , 0.5% NP-40) by vortexing. Samples were incubated on ice for 15 min and centrifuged at 800 g for 5 min at 4
• C. The supernatant, containing the nuclear fraction, was collected and the chromatin pellet was resuspended in buffer 3 (20 mM HEPES pH 7.4, 650 mM NaCl, 5 mM MgCl 2 ), incubated on ice for 15 min and sonicated using a Branson sonifier. After centrifugation at 800 g for 5 min at 4
• C, the supernatant, containing the chromatin fraction, was collected. Finally, all fractions were supplemented with SDS loading dye, boiled and analysed by Western blotting.
For Western blotting purposes, proteins were resolved by SDS-PAGE and transferred to a Hybond-P PVDF membrane (GE Healthcare 10600023) by wet blotting using the Biorad Mini Trans-Blot system. In the case of H2A.Z (Abcam, ab4174), GAPDH (Abcam, ab8245) and RBP-J (Cosmo Bio Co., Clone T6709) Western blotting, membranes were blocked 1 h at room temperature with 5% nonfat dry milk in 1× TBS, washed with PBS and incubated over night at 4
• C with primary antibody (1:1000 antibody in 5% BSA, 1× TBS, 0.3% NP-40). Membranes were washed three times 15 min each with washing buffer (1× TBS, 0.5 M NaCl, 0.5% Triton X-100) and incubated 1 h at room temperature with secondary antibody conjugated to horseradish peroxidase (1:10 000 antibody in 5% BSA, 1× TBS, 0.3% NP-40). Membranes were washed three times 15 min each with washing buffer.
For streptavidin blotting, membranes were blocked 1 h at room temperature with 5% BSA in 1× TBS and incubated with 1 l of streptavidin-HRP (Perkin-Elmer NEL750001EA) in 5% BSA, 1× TBS for 1 h at room temperature. Finally, membranes were washed three times 15 min each with 1× TBS, 0.5 M NaCl, 0.5% Triton X-100.
In Finally, all membranes were incubated at room temperature with ECL solution and chemiluminescence was detected with a light sensitive film. The following secondary antibody were used: anti-rat IgG HRP (Jackson ImmunoResearch, 112-035-072), anti-mouse IgG HRP (Cell Signaling, 7076S) and anti-rabbit IgG HRP (Cell Signaling #7074S). Western blotting quantification was performed using ImageJ 1.43u.
On bead digestion and nanoLC-MS analysis
Direct endoproteinase digestion of proteins and/or protein complexes immobilized on magnetic bead supports was essentially performed as previously described (64) with modifications indicated in the following. Streptavidin magnetic beads (Dynabeads M-280) from Bio-Streptavidin purifications were finally washed once with wash buffer (lacking NP-40 and glycerol) and resuspended in 50 l of denaturation buffer (10 mM HEPES-KOH, pH 7.9, 8 M urea). The urea concentration was immediately lowered to 4 M by adding a 50 l aliquot of 50 mM ammonium bicarbonate. The resulting bead suspension was adjusted to 1 mM DTT and protease digestion was started by the addition of 500 ng Lys-C (Wako). After 1 h incubation at 25
• C (Eppendorf Thermomixer, 1200 rpm), beads were separated (magnetic stand) and washed with 200 l 50 mM ammonium bicarbonate. The supernatant (containing the pre-digested peptides) and the wash were pooled (combined volume = 300 l) and alkylated with a five-fold excess (over DTT) of iodoacetamide (1.8 mM final concentration) at 25
• C (Thermomixer) for 2 h. Over-night digestion (25 • C, 10-12 h) was started by addition of 500 ng trypsin (Promega). Proteolysis was stopped by adding TFA to a final concentration of 3%. Tubes were centrifuged at 20 000 g (Eppendorf benchtop, 20
• C, 10 min) in order to pellet insoluble material. Finally, the digest was subjected to 'STAGE Tip purification and nanoLC-MS analysis as previously described (50) with the exception that a method employing a 120 min gradient was utilized. The nanoLC column was equilibrated with 2% MS buffer B (0.5% acetic acid/80% MeCN) for 22 min and then the sample was loaded and eluted stepwise with a 24-64% acetonitrile (p.a.) gradient over a period of 95 min (flowrate 0.25 l/min, 22-25 min: 5%, 25-90 min: 30%, 90-100 min: 50%, 100-109 min: 60%, 109-115 min: 80%, 116-120 min: 2% MS buffer B).
The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (65) partner repository with the dataset identifier PXD008747.
STRING analysis
STRING analysis was done using the STRING database (66) available at https://string-db.org/ using standard parameters, showing no more than ten interactors and searching in the human database. As background control the w 1118 fly strain was used. All stocks and crosses were reared in standard fly food and kept at 25
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• C.
Marked FLP-out clones of single and double mutant cells
We generated single and double mutant clones coexpressing the UAS-GFP and UAS-Dl alone or in combination with UAS-RNAi against His2Av/H2A.Z, dTip60 or domino/p400 using the flip-out technique and hs-Flipase (hs-FLP)-mediated recombination. We analysed at least 12 mosaic wing discs of each of the indicated genotypes in Figure 5. Clones were induced by a single heat shock pulse of 10 min at 37
• C at 24-48 h after egg laying.
Immunofluorescence staining
Third instar imaginal discs were fixed and stained by standard procedures using 4D4 anti-Wg antibody (1:100 dilution, Developmental Studies Hybridoma Bank), secondary antibody anti-mouse-AlexaFluor-555 (1:200 Molecular Probes) and DAPI (Sigma Aldrich). Discs were mounted in Fluoromount G (Southern Biotechnology) and the images were captured on a Leica TCS-NT Confocal microscope. Fluorescence microscopy of transfected HeLa cells was performed essentially as previously described (10, 52) .
Measurement of mosaic wing areas
Analysis of the area of mosaic wing imaginal discs and of dorsal wing pouch parts in Figure 5 was done using ImageJ software. Data represent mean values of the area of dorsal wing pouch normalized against the total wing disc area.
Drosophila quantitative reverse transcriptase PCR (qRT-PCR)
RNAi knockdown efficiency for His2Av/H2A.Z, dTip60 and for domino/p400 isoforms E, A and D and domino/p400 isoform G was determined by qPCR upon RNAi induction by tubulin-Gal4 promoter. For each genetic condition, total mRNA was isolated from five third instar larvae using RNAeasy-Mini Kit (Qiagen). To remove contaminating DNA, RNA was treated with Turbo DNA-free (Ambion, Life Technologies). cDNA was synthesized with SuperScript® III First-Strand Synthesis System for RT-PCR (Life Technologies) using oligo-dT primers. qPCR was performed using SYBR Green PCR Master Mix (Applied Biosystems) using gene-specific primers, on an ABI7500 apparatus (Applied Biosystems). Rp49 primers were used for mRNA normalization. Comparative qRT-PCR was performed in triplicates and the relative expression was calculated using the comparative Ct method. Three independent experiments were performed and qPCR data were analysed using two-tailed unpaired t test. Primers used for qPCR are listed in Supplementary Table S5 .
RESULTS
Loss-of-function of H2A.Z leads to upregulation of Notch target genes
We have previously defined how the active histone mark H3K4me3 is regulated at the enhancers of Notch target genes (10, 15) . Given that H3K4me3 and the histone variant H2A.Z colocalize genome-wide (29,30), we hypothesized a role for H2A.Z in the regulation of Notch target gene expression. In order to test this hypothesis, we used the CRISPR/Cas9 technology to deplete H2A.Z in a mature T (MT) cell line characterized by low Notch activity (18, 47) . In detail, we designed sgRNAs targeting the 5 untranslated region (5 -UTR) of both H2afz and H2afv genes, encoding for two different H2A.Z isoforms. We could isolate two different clones showing depletion of H2A.Z ( Figure 1A and Supplementary Figure S1A and B) : the clone sgH2afv/H2afz #12 showed a strong H2A.Z depletion while the clone sgH2afv/H2afz #20 showed only almost 60% reduction in H2A.Z protein levels. Subsequently, we investigated differential expression of Notch target genes upon H2A.Z depletion and we observed that the wellknown canonical Notch targets Hes1 and Il2ra (15, 63) were significantly upregulated upon H2A.Z depletion in MT cells in both clones ( Figure 1B) . Given the significant residual H2A.Z protein in clone #20, we focused on the clone #12 (hereafter referred to as sgH2afv/H2afz) and validated the genome editing of the H2A.Z-encoding genes H2afv and H2afz. We observed a different 72 base pairs deletion in the two H2afv alleles whereas the H2afz gene presented with a deletion of 4 base pairs and an insertion of 6 base pairs which were detected in more sequencing reactions, suggesting that both alleles present with the same mutation (Supplementary Figure S1C) . Subsequently, we performed RNA-Seq analysis to better define the role of H2A.Z in the Notch-dependent gene expression program. To reach this goal, we first defined Notch target genes as those genes upregulated upon activation of the Notch pathway using two different systems: as first, we developed a Notch-dependent dynamic system by expressing the NICD, fused to the estrogen receptor ligand binding domain (NICD-ER), in our MT cells (scheme in Figure 2A) ; as a second approach we overexpressed, in MT cells expressing the bacterial biotin ligase BirA, a Bio-tagged NICD wildtype (BioNICD) or an activation-deficient NICD mutant (BioNICD EP) that no longer interacts with the histone acetyltransferase p300 (13) . The NICD-ER overexpressing cells were treated with 4-hydroxytamoxifen (4-OHT) to induce the nuclear translocation of the NICD and RNA-Seq analysis were performed in duplicate (Supplementary Figure S2A- Figure S2C -D and statistics in Supplementary Table  S2) . By using these two systems we were able to identify 120 genes (log 2 Fold Change > 1.5 and P adj < 0.05) that were induced by the Notch pathway [ Supplementary Figure S2E (overlapping P-value = 1e-137, odds ratio = 109.1) and Supplementary Table S1 ]. We compared our set of 120 Notch target genes to a previously published set of Notchdependent genes observed as downregulated upon inhibi- MT NICD-ER cells were treated for 24 h with 4-OHT or EtOH as control and subjected to ChIP analysis using antibodies against H2A.Z, H2A.Zac, H3 or IgG as control. The qPCR analysis was focused at the Notch-dependent enhancers (red squares) represented on the left (Hes1 +0.6 kb and Il2ra -26 kb). Chrom X was used as negative control (Control). Data were normalized to the positive control (GAPDH 0 kb) and, in the case of H2A.Zac/H2A.Z, the H2A.Zac signals were further normalized to H2A.Z. Shown is the mean ± SD of two independent experiments. tion of the Notch signaling pathway in mouse T6E cells (67) . Of the 120 Notch target genes identified in our system, seven genes overlapped with the 72 genes of the reference dataset (Ifi202b, Hes1, Pdgfrb, Cd82, Hey1, Isg15 and Dtx1), which was considerably more than expected by chance (odds ratio = 12.4, hypergeometric P-value = 3.9e-06). These data were also validated by qPCR analysis (Supplementary Figure  S2F and G). It must be noticed that Lgmn was significantly upregulated in the RNA-Seq analysis of the BioNICD system but not of the NICD-ER system however, it was detected as upregulated in qPCR using both systems. As a next step, we performed RNA-Seq analysis in H2A.Z depleted MT cells (Supplementary Figure S3A and B and statistics in Supplementary Table S2 ). Using a log 2 Fold Change > 1.5 and P adj < 0.05, we observed 21 Notch target genes (e.g. induced in both the NICD-ER and BioNICD system) that are upregulated upon H2A.Z depletion ( Figure 1C and Supplementary Figure S3C ). The Venn diagram presented in Supplementary Figure S3C (upper) shows a significant overlap between Notch target genes and genes upregulated upon H2A.Z depletion (Overlapping P-value = 6.2e-15, odds ratio = 11.8). There is also an overlap between Notch target genes and genes downregulated upon H2A.Z depletion (bottom, nine genes; overlapping P-value = 8.2e-04, odds ratio = 3.9). Given that well described canonical Notch target genes such as Nrarp, Hes1 and Il2ra are upregulated upon H2A.Z depletion, these data suggest that H2A.Z plays a negative role in the regulation of the canonical Notch signaling pathway. The genes upregulated by Notch signaling but downregulated upon H2A.Z depletion may represent indirect targets. Moreover, Notch target genes show on average a modest but significant tendency of being upregulated in H2A.Z depleted cells (Supplementary Figure  S3D , Wilcoxon rank sum test = 0.04384). The downregulation of H2afv and H2afz was also observed in the RNASeq experiments (Supplementary Figure S3E) and we further validated the RNA-Seq results by qPCR (Supplementary Figure S3F ). We subsequently focused our attention on the enhancers of Notch target genes that were identified making use of previously published ChIP-Seq data versus RBP-J and Notch1 (63) . In agreement with our RNA-Seq analysis, we observed increase of H3K4me2 and H3K27ac at the enhancers of Il2ra and Hes1 upon H2A.Z depletion ( Figure 1D ). Furthermore, H2A.Z depletion in MT cells does not influence cell growth, cell cycle or apoptosis (Supplementary Figure S3G-J) . We also validated the RNA-Seq results by using shRNA-mediated knockdown in MT cells, for which we observed upregulation of Hes1 and Il2ra upon loss-of-function of H2A.Z (Supplementary Figure S4A and B) . In a constitutively Notch active pre-T cell line (15), Hey1 and Uaca Notch target genes are upregulated upon shRNA-mediated H2A.Z depletion (Supplementary Figure S5A and B). In agreement with previous reports that showed H2A.Z occupancy at enhancers (29, 30, 68) , H2A.Z and its acetylated form (H2A.Zac) are enriched at the enhancers of both Hey1 and Uaca Notch target genes in pre-T cells (Supplementary Figure S5C and D), suggesting a direct role of H2A.Z in the observed regulation. Scanning of the Hey1 locus in pre-T cells showed specific enrichment of H2A.Z, H2A.Zac and of the H2A.Z loader p400 at the Notch/RBP-J-bound enhancers (Supplementary Figure S5D ). Altogether, these data support a negative role for H2A.Z in the regulation of Notch target genes.
To investigate whether Notch signaling regulates deposition and acetylation of H2A.Z, we used our NICD-ER dynamic system in MT cells (scheme in Figure 2A ). Induction of Notch target genes Hes1, Il2ra, Hey1 and Dtx1 was promptly observed upon 4-OHT-induced nuclear translocation of NICD-ER ( Figure 2B and Supplementary Figure S6A) . By chromatin immunoprecipitation (ChIP) we observed that H2A.Z occupancy negatively correlates with expression of Notch target genes ( Figure 2C and Supplementary Figure S6B ). Inversely, H2A.Zac positively correlates with expression of Notch target genes ( Figure 2C and Supplementary Figure S6B) . Nucleosome occupancy was hardly affected, as revealed by pan-H3 ChIP ( Figure 2C and Supplementary Figure S6B) . Thus, in the active state, total H2A.Z levels are low but levels of acetylated H2A.Z are strongly elevated agreeing with previous reports (28, 36) .
The TRRAP/p400/Tip60 complex interacts with the RBP-J/Notch complex
Several groups including ours have previously identified components of the RBP-J/NICD coactivator complex (13, 17, 69, 70) . Previously, we have purified a Bio-tagged NICD wildtype (NICD) protein and by mass-spectrometry analysis we identified new coactivator components in pre-T cells; among them we have identified and previously described the RNA helicase Ddx5 (49) . Here, we also used the activation-deficient BioNICD EP mutant that no longer interacts with the histone acetyltransferase p300 (13) . Given that the deletion of the EP domain does not compromise the DNA binding ability of the RBP-J/NICD complex but only its coactivating function (13), we reasoned that the NICD EP mutant may allow us to identify transient NICD interactors. In addition to known coactivator components RBP-J, MAML1, Snw1/SKiP, IKZF1/Ikaros and Ddx5 (49, (70) (71) (72) (73) (Figure 3A and Supplementary Table S3) , we identified several components of the TRRAP/p400/Tip60 complex [ (46, 53, (74) (75) (76) and Supplementary Figure S7A] , namely p400, TRRAP, Brd8, Vps72/YL-1, Tip60 and several additional subunits. In contrast to the MAML1 coactivator, the TRRAP/p400/Tip60 complex associates more tightly with the NICD EP mutant than with NICD wildtype (Supplementary Table S3 ), suggesting that this interaction is rather transient under normal conditions. Of note, p400 was previously linked to the loading of H2A.Z within the chromatin (23) . suggesting that loading of H2A.Z at Notch target genes is possibly mediated by the TRRAP/p400/Tip60 complex.
Subsequently, we validated the interaction using coimmunoprecipitation experiments in fibroblasts overexpressing Flag-tagged Tip60 or p400 together with HAtagged NICD wildtype (NICD) or EP mutant ( Figure  3B and C) . Flag-affinity purification of Flag-Tip60 ( Figure  3B ) or Flag-p400 ( Figure 3C ) co-purified HA-NICD and HA-NICD EP mutant; again the interaction of NICD EP mutant was stronger than NICD wildtype with both Tip60 (Figure 3B , compare lane 3 and 5) and p400 (Figure 3C, compare lanes 3 and 5) . Additionally, when we overexpressed a Bio-tagged Tip60 in pre-T cells and performed a streptavidin immunoprecipitation, we were able to copurify the endogenous cleaved Notch (NICD) and RBP-J (Supplementary Figure S7B) . In line with the physical interaction between the RBP-J/NICD complex and the TRRAP/p400/Tip60 complex, we observed colocalization of RBP-J, NICD, p400 and Tip60 at the Notch-dependent enhancers of Notch target genes Hey1 and Uaca in pre-T cells (Supplementary Figure S7C) . Given the remarkably high number of p400 peptides recovered in our massspectrometry analysis, we hypothesized that p400 directly interacts with the RBP-J/NICD complex. To test this hypothesis, we divided the 400 kDa p400 protein in three partially overlapping fragments and used them in GST pulldown assays with a bacterially purified GST-RBP-J protein ( Figure 3D ). We could observe that fragments p400-1 and p400-2 but not p400-3 directly interact with RBP-J ( Figure  3D ), suggesting not only that RBP-J and p400 directly interact each other but also that this interaction is mediated by more individual domains within p400. Additionally, we could observe that p400, RBP-J and NICD form a complex in GST PD assays (Supplementary Figure S7D) .
In order to investigate the Notch-dependent recruitment of p400, we used ChIP in our Notch-inducible system in MT cells. p400 is found at Notch-dependent enhancers prior to activation and its occupancy increases upon induction of Notch signaling ( Figure 3E and Supplementary Figure S8A) , suggesting that the NICD stabilizes the RBP-J/p400 interaction. In line with this, we also observed a direct interaction between p400 and NICD (Supplementary Figure S8B ). As next, we investigated the RBP-J dependency of the H2A.Z loading by overexpressing Biotagged RBP-J in MT cells (Supplementary Figure S8C) . We observed that BioRBP-J overexpression leads to reduced H2A.Z occupancy at the enhancers of Notch target genes (Supplementary Figure S8D) , suggesting that an excess of RBP-J sequesters p400, inhibiting its capacity to load H2A.Z. Altogether, the biochemical studies on the RBP-J/NICD/p400/Tip60 interaction and their colocal- (A) The TRRAP/p400/Tip60 complex copurifies with NICD. A biotin-tagged hypoactive mutant of the Notch Intracellular Domain (BioNICD EP) was retrovirally introduced in pre-T cells overexpressing the biotin ligase BirA. Upon a single affinity purification with streptavidin beads, mass-spectrometry analysis was performed to identify the interactors of the NICD EP mutant. Notch1 was efficiently recovered as well as the known NICD interactors RBP-J and Maml1. Additionally, Ep400/p400, TRRAP, Brd8 and Kat5/Tip60, subunits of the TRRAP/p400/Tip60 complex, were copurified with NICD EP. Shown is the number of total peptides. The complete list of the BioNICD wildtype (NICD) and EP mutant interactomes is shown in Supplementary Table  S3 . (B and C) NICD interacts with Tip60 and p400. Phoenix TM cells were transfected with Flag-tagged Tip60 (B) or Flag-tagged p400 (C) together with HA-tagged NICD wildtype or EP mutant. WCE were incubated with Flag antibody and immunoprecipitates were analysed by Western blotting using HA or Flag antibodies. The asterisks indicate unspecific bands. (D) RBP-J directly interacts with p400. GST pull-down experiments were performed using bacterially purified GST-RBP-J and the in vitro transcribed/translated p400 fragments depicted in the schematic representation. Amino acid numbering is accordingly to accession NP 056224.3. p400 domains: HSA, domain in helicases and associated with SANT domains (CDD:214727); DEXDc, DEAD-like helicases superfamily (CDD:238005); HELICc, helicase superfamily C-terminal domain (CDD:238034). (E) p400 dynamically localizes at the enhancers of Hes1 and Il2ra Notch target genes. MT NICD-ER cells were treated for 24h with 4-OHT or EtOH as control and subjected to ChIP analysis using an antibody against p400 or IgG as control. Chrom X was used as negative control (Control). The qPCR analysis was focused at the Notch-dependent enhancers (red squares) represented on the left (Hes1 +0.6 kb and Il2ra -26 kb). Data were normalized to the positive control (GAPDH 0 kb). Shown is the mean ± SD of two independent experiments.
ization at Notch-dependent enhancers demonstrate that the TRRAP/p400/Tip60 complex is recruited to Notch target genes prior to Notch induction and suggests p400 involved in the loading of H2A.Z at Notch target genes. The observation that p400 occupancy at enhancers increases upon activation of Notch signaling and that NICD and p400 directly interact with each other suggest that the NICD stabilizes the p400/RBP-J interaction.
H2A.Z acetylation correlates with activation of Notch target genes
To further explore the role of H2A.Z in the regulation of Notch target genes, we focused our attention on its acetylation. In yeast and Drosophila, acetylation of H2A.Z is mediated by the histone acetyltransferase Tip60 (35, 77, 78) , which is a component of the TRRAP/p400/Tip60 complex and is enriched at active enhancer sites (79) . In order to evaluate whether Tip60 is responsible for the acetylation of H2A.Z in higher eukaryotes and to evaluate the transcriptional consequences of the Tip60-mediated acetylation of H2A.Z in the context of Notch signaling, we directly fused the transcription factor RBP-J to Tip60 wildtype (wt) or its catalytic-dead mutant [(cd, (53) and Figure  4A ]. Wildtype (wt) and catalytic-dead (cd) RBP-J/Tip60 fusion proteins are both expressed in HeLa cells and localize in the nucleus (Supplementary Figure S9A) . Furthermore, both RBP-J/Tip60-wt and RBP-J/Tip60-cd mutant inter- act with NICD and with the RBP-J interactor RITA (52) similarly to RBP-J (Supplementary Figure S9B) , demonstrating functionality of both fusion proteins. When RBP-J/Tip60-wt and RBP-J/Tip60-cd mutant were expressed in MT cells (Supplementary Figure S10A) , we observed strong upregulation of Notch target genes by RBP-J/Tip60-wt but a milder to absent upregulation by RBP-J/Tip60-cd mutant ( Figure 4B and Supplementary Figure S10A) . Furthermore, the RBP-J/Tip60 fusion protein leads to increased H2A.Zac at the enhancers of Notch target genes ( Figure  4C and Supplementary Figure S10B) but not in the active mark H3K18ac (Supplementary Figure S10C) which is regulated by the histone acetyltransferase p300. This data suggest that Tip60 specifically acetylates H2A.Z and that this acetylation stimulates expression of Notch target genes. In order to further define the requirement of H2A.Zac for the regulation of Notch target genes, we overexpressed in MT cells H2A.Z wildtype (H2A.Z-wt) or an acetylationdefective mutant where the five lysine residues known to be acetylated [ (31, (38) (39) (40) and Figure 4D ] have been mutated to arginine residues (H2A.Z-5KR). Both proteins are efficiently expressed and enriched in the chromatin fraction ( Figure 4E ). While H2A.Z-wt leads to upregulation of Hes1, the upregulation given by H2A.Z-5KR is only minor (Figure 4F ), suggesting again that acetylation of H2A.Z has a stimulatory function in the expression of Notch target gene Hes1. Additionally, when we investigated the chromatin occupancy of H2A.Z-wt and H2A.Z-5KR by Flag ChIP, we noticed that H2A.Z-wt is more enriched in the chromatin compared to the H2A.Z-5KR mutant (Supplementary Figure S10D ), suggesting that acetylation of H2A.Z may influence its chromatin incorporation and/or stability.
Altogether, our data support a role for Tip60 in regulating the acetylation of histone variant H2A.Z and link H2A.Zac to active Notch target gene expression.
Depletion of the Drosophila melanogaster homologs of Tip60, p400 and H2A.Z enhance Notch-mediated tissue growth in vivo Next, we investigated whether the function of the Drosophila melanogaster homologs of p400, Tip60 and H2A.Z within the Notch pathway, is conserved. The homolog of p400 in D. melanogaster is called Domino and we observed that the region corresponding to the RBP-J-interacting p400-2 fragment is well conserved within the Domino protein (Supplementary Figure S11) . Thus, we tested whether this region of Domino interacts with the Drosophila homolog of RBP-J, Suppressor of Hairless [Su(H)]. In GST PD assays, we observed a physical interaction between Su(H) and Domino ( Figure 5A ). We next tested genetic interactions of Notch with domino/p400, histone variant His2Av/H2A.Z and dTip60 in vivo using the growing eye imaginal disc of Drosophila, whose growth critically depends on the Notch signaling pathway (80) (81) (82) . Changes in eye size are induced by spatial and temporal activation or repression of Notch signaling using the eye-specific driver eyeless-Gal4 [hereafter referred to as ey-Gal4, (83) ] in combination with overexpression of the Notch ligand Delta (Dl) by ey-Gal4 (hereafter referred to as ey-Gal4 UAS-Dl), which results in mild overgrowth of the ventral region of the eye [(81) and Supplementary Figure  S12 ] and has been used as a sensitive genetic background to identify genes that cooperate with hyperactivated Notch signaling activity in converting Delta-mediated mild tissue overgrowth into tumor growth (84, 85) . RNAi-mediated depletion of dTip60, domino/p400 or His2Av/H2A.Z (qPCR control of RNAi efficiency in Supplementary Figure S13) induced an overall smaller eye size and necrosis, indicating a requirement for these factors in eye cell proliferation and/or viability (Supplementary Figure S12B) . Surprisingly, combination of Delta overexpression with depletion of any of these factors resulted in marked reduction in the ventral region, where cells are highly responsive to Delta signals, and hyperplasia or tumor in the dorsal region (50%, 80% and 48.6% penetrance for His2Av/H2A.Z, dTip60 and domino/p400, respectively) where cells are normally insensitive to Delta overexpression (Supplementary Figure  S12A and C and statistics in Supplementary Figure S12D ). To substantiate these results, we next assessed the effect on Delta-dependent Notch signaling in marked clones in another developmental paradigm, the wing disc. In this disc, Delta is a ventral to dorsal signal [(86) and scheme in Figure 5B left]. Delta and Serrate activate Notch signaling and target the gene wingless (wg/Wnt) in a dorsal/ventral (d/v) stripe of cells along the prospective wing margin. We found that clones with depleted expression of any of His2Av/H2A.Z, dTip60 or domino/p400 could be recovered in both dorsal and ventral regions; however, clones were less prominent along the d/v boundary, the region with high Notch activity. Mutant cells in this domain lacked or had reduced expression of Wg, resulting, in the case of dTip60-RNAi clones, in a thinner stripe of Wg (compare Figure 5C ' with 5G'), indicating a requirement for this factor in Notch receiving cells. Double clones overexpressing Delta along with RNAi-based depletion of any of these factors revealed absolute requirement of them for wing cell proliferation or viability as clones could not be recovered or very infrequently in the dorsal wing pouch, a region responsive to Delta signaling, while ventral clones were recovered and displayed overgrowth compared with single Delta overexpressing clones ( Figure 5F , H and J compared to Figure 5E , G and I, respectively). Likewise, we found that size of the dorsal wing pouch in respect to the overall wing disc area is much reduced in the double mosaic discs ( Figure 5B In view of these interactions, we revisited the publicly available RNA-Seq data that investigated differential gene expression in Drosophila dissected late L3 wings expressing Tip60 wildtype (wt) or Tip60 dominant negative (dn) mutant (87) . Gene Set Enrichment Analysis (GSEA) of this RNA-Seq study unveiled downregulation by Tip60-dn of two different GO terms associated with Notch signaling (Supplementary Figure S14 and Supplementary Table S4; GO:0007219, P = 0.002058 and P adj = 0.0052; GO:0008593, P = 0.00209205 and P adj = 0.0052). Among the genes associated with these GO terms, we found Hair- GD7787 . In all wing disc images, dorsal is up and anterior is to the left. less (H), which is the main negative regulator of Notch signaling in Drosophila (88) (89) (90) and smoothened (smo), encoding for an essential component of the Hedgehog signaling pathway and which we recently found to negatively regulate Notch signaling response (91) . These observations suggest that dTip60 might negatively regulate Notch signaling response in part by transcriptionally regulate the expression of negative regulators of Delta-Notch signaling. Additionally, Tip60-dn leads to downregulation of CoREST that was previously described as another negative regulator of Notch signaling (92, 93) as well as dishevelled (dsh), which encodes for a component of the Wnt signaling pathway that downregulates Notch signaling in some cellular contexts (94) (95) (96) . To note, also krz and dx, which protein products form a complex involved in the degradation of the Notch receptor (97) , are downregulated in the Tip60-dn. Altogether with our functional analysis in vivo these data support that the TRRAP/p400/Tip60 complex might regulate cell proliferation through regulation of Notch signaling at multiple nodal points (98) . Depletion of dTip60 and domino/p400 in the wing discs also supports a role for these factors in physiological high Notch signaling for target gene expression and/or viability, which is consistent with our results in mouse T cells. Thus, this strongly suggests a conserved role for H2A.Z/His2Av in Notch signaling and Notch-mediated growth control in vivo.
DISCUSSION
Here we show that the CRISPR/Cas9 system can be efficiently used to deplete the histone variant H2A.Z in murine mature T cells. Either CRISPR/Cas9-mediated depletion or knockdown of H2A.Z increase expression of Notch target genes, suggesting that H2A.Z acts as a negative regulator that buffers transcriptional activation. Previously, H2A.Z was shown to be either a positive (26, 27) or a negative regulator (23) of gene expression but how this works mechanistically remained elusive. Our data strongly suggest that post-translational modifications of H2A.Z are at least predictive or might even direct the transcriptional response. H2A.Z per se prevents expression of Notch target genes but, once acetylated, it supports gene expression. These conclusions are supported by the increased acetylation of H2A.Z upon Notch activation and by the RBP-J/Tip60 fusion protein that leads to increased H2A.Zac and gene expression. The upregulation of Hes1 observed upon overexpression of H2A.Z-wt but, to a lesser extent by the H2A.Z-5KR acetylation-defective mutant, is also in line with this hypothesis. In summary, our data support a model where the non-acetylated H2A.Z negatively correlates with Notch target gene expression, while H2A.Zac positively correlates with expression of Notch-dependent genes ( Figure 6 ). This is in line with data previously reported in different systems showing that H2A.Zac correlates with active gene expression (28) (29) (30) ses could explain this: (a) a passive, charge-repulsion mechanism could take place since the acetylation of H2A.Z has a destabilizing effect; alternatively (b) it might require an active mechanism that involves enzymatic activities aimed to remove or replace the H2A.Z/H2B dimer. Of note, nucleosome occupancy does not change upon Notch activation, suggesting that the H2A.Z eviction most likely does not involve the whole nucleosome but just the H2A.Z/H2B dimer. The observation that the H2A.Z-5KR acetylation-defective mutant is still able to upregulate gene expression, though to a lower extent compared to the H2A.Z-wt, suggests that additional lysine residues are acetylated and these might have a minor impact on transcription compared to the acetylation of the lysines in position 4, 7, 11, 13 and 15 which are mutated in our H2A.Z-5KR construct. Alternatively, additional post-translational modifications, not yet identified, of H2A.Z might be responsible for this phenotype. For example, ubiquitination and methylation of H2A.Z have been linked to gene repression (33, 100) . We cannot exclude that the occurrence of these modifications at different residues may be involved in gene activation. The observation that H2A.Z-wt is more enriched on the chromatin compared to the H2A.Z-5KR mutant suggests that H2A.Z acetylation may be required for proper chromatin incorporation of this histone variant and/or that H2A.Z acetylation may regulate its stability. p400, the homolog of the yeast Eaf1 and Swr1 (53,74) is responsible of the H2A.Z loading (23, 101, 102) . Thus, the identification of the TRRAP/p400/Tip60 complex as an interactor of the RBP-J/NICD complex suggests p400 as the H2A.Z loader at Notch target genes. Our ChIP results looking at the H2A.Z loading machinery, TRRAP/p400/Tip60 complex, show that its occupancy increases upon Notch activation. So far, we can only speculate how this stabilization occurs. It is possible that the NICD, together with other coactivators, form an additional interaction surface for p400, as suggested by our biochemical data. However, we cannot exclude that the RBP-J/NICD complex interacts with other complex components. It is also possible that additional transcription factors, such as Ets factors (63) , are needed to form an enhanceosome structure. Strikingly, we observe increased binding of this com-plex to a mutant NICD complex that recruits coactivators MAML and p300 less efficiently (13) . We speculate that the TRRAP/p400/Tip60 interaction with the RBP-J/NICD complex is rather transient and relies on cumulative protein-protein interactions. Such transient intermediates are important for amplitude and duration of the Notch response and as consequence for the biological output. Our data using RNAi-mediated knockdown of Drosophila His2Av/H2A.Z, dTip60, and domino/p400 targeted to the developing eye and wing with or without Delta-driven Notch hyperactivation underline the in vivo genetic interaction between His2Av/H2A.Z, dTip60 and domino/p400 in Notch-dependent signaling. In addition, activation of target gene wg and overgrowth response support the biological relevance of the physical interaction between Domino/p400 and Su(H). The domino/p400-and His2Av/H2A.Z-RNAi data are in line with the mammalian data and they further stress a synthetic lethality between a mild gain of Notch signaling and depletion of components of the TRRAP/p400/Tip60 complex. This lethality suggests that wing cells expressing Delta cannot tolerate the simultaneous depletion of dTip60, which would be expected to lead to extreme Delta-Notch signaling activation and target upregulation. The TRRAP/p400/Tip60 complex can also regulate other processes and other signaling pathways, but the synthetic lethality provides strong argument for functional requirements of these components in the regulation of Delta-Notch signaling. It is also possible that this complex regulates Notch at different steps and also via feedback loops. This last hypothesis is supported by the different spatio-temporal recruitment of Tip60 and p400 observed at the p21 locus (23) and is further supported by the observation that negative Notch modulators, such as H, smo, CoREST, dsh, krz and dx are downregulated by the Tip60-dn mutant in Drosophila late L3 wings (87) . As consequence, Tip60 may play several roles in the regulation of the Notch pathway: it might regulate Notch modulators and in addition directly impact on Notch/RBP-Jdependent genes. Our tethering approach using the RBP-J/Tip60 fusion allows to discriminate between these two functions of Tip60 focusing exclusively on the role of Tip60 in the regulation of Notch/RBP-J-dependent genes. Additionally, domino/p400, dTip60 as well as Nipped-A, the Drosophila homolog encoding for TRRAP, were previously identified as Notch regulators (44, 98) .
We found that murine p400 directly interacts with RBP-J leading to H2A.Z loading prior to Notch activation and that the acetylation of H2A.Z is mediated by the acetyltransferase Tip60, in line with previous studies in Drosophila (77) and yeast (35, 78) . To increase the local concentration of Tip60 directly at Notch-dependent enhancers, we fused the transcription factor RBP-J with the acetyltransferase Tip60. Tip60-mediated acetylation of H2A.Z supports gene activation which is in line with our model that H2A.Z acetylation is stimulatory. So far, we have not addressed the role of additional subunits of the TRRAP/p400/Tip60 complex. Since genome-wide occupancy of Brd2 was previously linked to H2A.Z occupancy (103, 104) and BRD inhibitor JQ1 has effects on Notchdependent leukemia (105) , it remains to be investigated whether the Brd8 subunit of the TRRAP/p400/Tip60 complex is involved in the regulation of Notch target genes.
In summary, our data reveal that the histone variant H2A.Z, thought to be a generic factor, is not essential for cell viability. While repression of Notch target genes is associated with increased occupancy of H2A.Z but reduced H2A.Zac (Figure 6, left) , activation is accompanied by reduced H2A.Z occupancy and increased H2A.Zac ( Figure  6 , right).
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